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De novo assemblyThe de novo assembly of next generation sequencing data is a daunting task made more difﬁcult by the pres-
ence of genomic repeats or transposable elements, resulting in an increasing number of genomes designated
as completed draft assemblies. We created and assembled idealized sequence data sets for Cupriavidus
metallidurans CH34, Caulobacter sp. K31, Gramella forsetii KT0803, Rhodobacter sphaeroides 2.4.1 and
Bordetella bronchiseptica RB50. In addition to conﬁrming the role of transposable elements in interrupting
the assemblies, an association was found between the most fragmented regions and known or predicted geno-
mic islands in these strains. Assembly quality wasmore strongly related to putative genomic island content than
to any other factor examined.Webelieve this association indicates that draft assemblies are limiting our ability to
understand the genomic context of important bacterial adaptations and that the increased effort required for
ﬁnishing genomes can provide a wealth of information for future studies.
© 2012 Elsevier Inc. All rights reserved.1. Introduction
Next generation sequencing (NGS) platforms have revolutionized
how we obtain genetic information, leading to rapid advances in the
ﬁelds of genomics and metagenomics. These methods rely on newer
sequencing chemistries [1] and highly parallel operations that result
in high yields at low costs per read but so far produce considerably
shorter reads (in the range of 35–500 nucleotides) than Sanger
sequencing (600 to 1500 nucleotides). Shorter reads increase the re-
quired complexity of the assembly algorithms [2], although the ability
to sequence to very high coverage can overcome many of the original
issues in genome assembly including read errors and coverage gaps
[3]. The utility of next generation sequencing has been demonstrated
in examining new variants, or very close relatives, of previously se-
quenced strains (reviewed in [4]). This type of assembly, known as
a reference or mapping assembly, is relatively straightforward pro-
vided that the two strains share high sequence identity across their
genome. However in many bacterial species, the ‘core’ genes that
are shared between closely related strains are supplemented by a sig-
niﬁcant fraction of ‘dispensable’ genes that vary between the strains
of a given species [5]. Assembling these sections of sequence data or
entire genomes in the absence of a suitable reference strain (referred
to as de novo assembly) is a far more difﬁcult task [6]. Whole genome
shotgun assemblies using traditional Sanger sequencing have beenand Environmental Sciences,
il, Scarborough ON M1C 1A4,
thorpe).
rights reserved.utilized for many years for this purpose but the cost and effort re-
quired to do this type of intense sequencing has been prohibitive
for all but the largest laboratories [4]. The advent of NGS platforms
promises to alleviate the ﬁnancial and technical demands of obtaining
high quality sequence data however the issue of repetitive elements
in genomic sequence remains a confounding issue in genome assem-
bly that is difﬁcult to resolve through coverage alone [3].
Many assembly programs for NGS data utilize de Bruijn graphing
techniques (see [2]) to perform de novo assemblies of the high number
of reads produced, with the goal of ﬁnding the shortest path through
the sequence data that includes as much of the sequence data as possi-
ble. For genomes with a high content of repetitive sequences, some as-
sembly programs will produce an overly compressed alignment, and
possiblemis-assemblies, whenmultiple copies of a repeat are collapsed
to one location [7,8]. Accurate graphs (those that do not collapse repet-
itive elements) will often form a ‘frayed rope’ pattern in repetitive sec-
tions whereby a path converges at the repeats and then diverges again
(multiple paths leading into the repeat and multiple paths leading out
of the repeat again) since there are multiple true alignments possible.
Some assembly programs speciﬁcally search for the characteristic fea-
tures that repetitive elements createwithin a graph such as convergent,
divergent or cyclic paths [2] and therefore terminate at these repetitive
elements to ensure that they are not overly compressed in the ﬁnal as-
sembly. This results in a more fractured assembly, but prevents the er-
rors introduced by arbitrarily collapsing the repeats to one location.
Realistically, the assembly software is not expected to produce a per-
fectly aligned genome but rather to reduce the sequencing reads into a
manageable number of contigs (‘contiguous sequence’—the sequence
produced by the assembly of multiple overlapping reads) for ﬁnishing.
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errors, and conﬁrming low coverage regions of the assembly through
PCR and cloning experiments at the bench. These experiments can
still be expected to take months to years, even with excellent sequence
data and the best software currently available [9]. For this reason, com-
plete genome ﬁnishing is rarely carried out both due to the effort re-
quired, and because the aim of many sequencing projects is limited to
looking for a small number of differences between the new strain and
a previously sequenced close relative. The resulting genome projects
are often submitted as unﬁnished draft assemblies, or as ‘assembled
with likely errors’ [8].
Although not as repetitive as eukaryotic genomes, prokaryotic ge-
nomes contain a variety of repeated elements ranging in size from 1 to
6 bp microsatellites [10,11] to larger elements such as transposons, in-
sertion sequences, rRNA operons, tRNA genes, and rhs family genes
[12]. The computational issues that repetitive genomes pose to NGS as-
sembly has been discussed in other recent papers [2–4,13], but there has
been remarkably little emphasis on the relative value of the portion of
the genome that remains fragmented in these draft assemblies. To this
end, we performed an in silico experiment using simulated long and
short read data for the fully sequenced genome of Cupriavidus meta-
llidurans CH34 (hereafter simply referred to as CH34). This organism
was sequenced by the Joint Genome Institute (JGI) using whole genome
shotgun cloning (WGS) with a combination of three randomly sheared
libraries (3, 8 and 40 kb insert sizes) and an additional 3752 individual
Sanger reads for ﬁnishing [14]. It was chosen for this study because of
the high quality ﬁnishing and annotation that has been performed
[14,15] as well as the nature of the genome, which contains two large
chromosomes and many types of mobile elements. It was our anticipa-
tion that the repetitive elements contained within this genome would
be a hindrance to assembly, and that this simulation would serve to il-
lustrate the portions of the genome that are inherently resistant to -
automated assembly. Four additional strains (Caulobacter sp. K31,
Gramella forsetii KT0803, Rhodobacter sphaeroides 2.4.1 and Bordetella
bronchiseptica RB50) were also included which varied in G+C content,
number of replicons, repeat content of the genome and percentage of
genes annotated as involved inmobility (plasmids, phages and transpo-
sons). A detailed analysis of each individual strain was not performed
since the genomic islands have not been characterized, however geno-
mic island predictions were available from the IslandViewer website
[16] which utilizes multiple software programs to predict genomic
islands from the completed sequence. The predicted genomic islands
in these strains were considerably smaller than those determined in
CH34, so it is expected that some of the predicted islands may actually
be components of one larger island.
Only two assembly programs were utilized since the presence of
repeated elements is a commonly acknowledged issue in assembly al-
gorithms [17,18], and a comparison of computational effectiveness
was outside the scope of this study. Our intent was rather to illustrate
the biological signiﬁcance of the regions most likely to remain
unassembled by the nature of their sequence. The Velvet assemblerTable 1
Number of contigs aligning and coverage statistics for each of the four replicons in C. metal
Size (bp) Number of contigs
aligned at 98%
Largest contig
(bp)
Velvet assembly
Chr 1 3,928,089 75 674,226 (17.2%)
Chr 2 2,580,084 63 541,760 (21.0%)
pMOL30 233,720 18 58,279 (24.9%)
pMOL28 171,459 9 101,867 (59.4%)
ABySS assembly
Chr 1 3,928,089 470 166,493 (4.2%)
Chr 2 2,580,084 212 107,711 (4.2%)
pMOL30 233,720 59 29,993 (12.8%)
pMOL28 171,459 36 50,670 (29.6%)was chosen because the algorithms have been improved to prevent
over-collapsing of repeats [19]. The ABySS assembler [20] was utilized
to determinewhether the resultswere speciﬁc to the Velvet algorithms.
Our goal for this project was to use thewell-annotated CH34 genome to
better understand the biological relevance of the sections of the genome
left unassembled and to examine which aspects of genome complexity
would be most problematic to assemble into large contigs given ideal
data. This serves to illustrate the inherent issues in draft assemblies of
prokaryotic genomes,whichwe also illustrate is only further complicat-
ed by the use of real data.
2. Results
2.1. Assembly quality for C. metallidurans CH34
CH34 has 4 large replicons (Table 1) and a multitude of
well-annotated smaller mobile elements including genomic islands,
transposons and insertion sequences [14,21]. On the two chromo-
somes, there are four sets of 5S, 16S and 23S rRNA genes (2 sets on
each) and 62 tRNA genes (8 of which are duplicates found on the sec-
ond chromosome) [15]. There are 16 documented genomic islands
(11 on chromosome 1, none on chromosome 2, 3 on pMOL30 and 2
on pMOL28), as well as 57 insertion sequences and 19 other transpos-
able elements distributed across the four replicons [15].
From our simulated dataset (see Methods), an assembly of 139
contigs was created after assembly in Velvet. This assembly was
aligned to the reference sequence of each of the four replicons
(Table 1) in Geneious version 5.5.2 [22]. Several of the contigs were
found to align to multiple replicons (Fig. 1), including one that
aligned to all four replicons (corresponding to Tn6049). The largest
contig that was shared in more than one location was contig 152
(length 10,403 bp), which is found on both chromosomes 1 and 2
and corresponds to Tn6048. Likewise, a single contig, 5471 bp, cor-
responded to the 4 rRNA operons that are evenly divided between
the two chromosomes. All contigs mapped to the reference genome
at 98% identity (see Methods). The genome was also assembled using
ABySS version 1.3.3 [20]. This assembly was considerably more frag-
mented than the Velvet assembly (Table 1) and had two small contigs
(915 bp and 740 bp) that did not align with any of the replicons at
98% identity. Due to the considerably larger number of fragments
from this assembly, the causes of contig termination were not deter-
mined for the contigs produced from the ABySS software, however
both software programs had greater difﬁculty assembling the genomic
island rich pMOL30 compared to pMOL28 (Table 1) and showed similar
contig distribution patterns (Fig. 2).
2.2. Contigs terminate at repeated elements and mobile elements
The large contigs from the Velvet assemblywere examined to deter-
mine the genomic determinants that had caused their termination (see
Table 2). It was our anticipation that the known repeated elementslidurans CH34 using Velvet and ABySS genome assembly software.
Total bases in contigs
longer than 10 kb
Total bases in contigs
longer than 5 kb
Total bases in contigs
longer than 1 kb
3,786,365 (96.4%) 3,835,365 (97.6%) 3,875,047 (98.6%)
2,466,986 (95.6%) 2,504,599 (97.1%) 2,532,450 (98.2%)
212,451 (90.9%) 212,451 (90.9%) 230,532 (98.6%)
156,377 (91.2%) 156,377 (91.2%) 171,008 (99.7%)
3,435,784 (87.5%) 3,669,623 (93.4%) 3,784,364 (96.3%)
2,242,357 (86.9%) 2,416,359 (93.6%) 2,511,515 (97.3%)
155,523 (66.5%) 190,452 (81.5%) 219,738 (94.0%)
135,295 (78.9%) 140,927 (82.2%) 162,258 (94.6%)
Fig. 1. Number of assembled contigs in Velvet aligning to replicons in C. metallidurans
CH34. Venn diagram is based on 98% sequence identity. It is important to note that
there are no shared contigs found solely between chromosome 1 and pMOL30, or sole-
ly between chromosome 2 and pMOL28.
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this was primarily found to be the case. 7 of the largest contigs (4 from
chromosome 1 and one each from the other replicons) were investigat-
ed and of the 14 terminal regions, 12were found to have terminated at a
previously documented mobile element. The other two corresponded
with genes that would not be expected to be mobile. One of these
genes was found to have an internal repeat structure that interfered
with assembly, and the other was found to have a second copy of the
same gene present on both chromosome 1 and chromosome 2 (at 99%
identity). When all contigs greater than 1 kb in length from chromo-
some 1 were included in the analysis (data not shown), 75% (35/46) of
the termination points were from documented mobile elements. AllFig. 2. Geneious alignment of assembled contigs to two key regions containing genomic is
images are the same regions from the ABySS assembly. The gray bar indicates region cover
with respect to the reference. The top alignment for each assembler includes the GI rich r
the two largest genomic islands. The bottom alignment is to the full length of pMOL28, wit
al. [21]). There are more contigs listed in Table 3 than are visible on the ﬁgure since contigother termination points were from duplicate genes found on multiple
replicons with the exception of a shared gene cluster between CMGI-2
and CMGI-3 which are both located on chromosome 1 (discussed in
Section 2.3) and the rRNA operons for which there are two copies on
each chromosome. Of the mobile elements in this genome, Tn6049
and ISRme3 were found in the highest abundance (12 copies and 10
copies, respectively), and Tn6049 was the only element found on all
four replicons.
2.3. Fragmentation is greatest at genomic island sites
Interestingly, although there were long contigs distributed across all
of the replicons in the Velvet assembly, the distribution of the smaller
contigs was not found to be uniform. Instead there were regions on
each of the replicons thatweremarkedly fragmentedwith small tomedi-
um (61–5000 bp) contigs arranged in a pattern of small overlaps or with
gaps between (Fig. 2). Recognizing that genomic islands frequently con-
tain smaller imbedded transposable elements and therefore many re-
peated elements, we overlayed the known genomic island co-ordinates
with the assembled fragments for chromosome 1. As noted earlier, chro-
mosome 1 contains 11 of the 16 genomic islands found in CH34. A se-
quential ordering of the longest contigs corresponding to chromosome
1 revealed that only one of the genomic islands (CMGI-9) was fully cap-
tured in a large contig. This is not surprising as this island has no docu-
mented repetitive elements (not even terminal repeats) that would
have interfered with assembly. Since the genomic islands appeared
to be linkedwith the prevalence of fragments, we aligned the contigs
to each of the chromosome 1 islands individually in Geneious. In
general, the larger genomic islands aligned to higher numbers of
contigs (Table 3). The four largest islands each had a minimum of 2
contigs longer than 5 kb, representing accessory genes that were
congruent without interference from mobile elements or repeated
segments. However, the termination points of these contigs serve to
highlight the difﬁculties of obtaining complete assemblies of evenlands in C. metallidurans CH34. Top two images are from the Velvet assembly, bottom
age, and the black lines are reference sequence (solid line) and location of the contigs
egion ranging from approximately 1.2 Mb to 1.8 Mb on chromosome 1 and contains
h the heavy metal resistance island highlighted (location is as indicated in Monchy et
s mapping to repetitive elements can only be mapped onto the chromosome once.
Table 2
Details on the terminal regions for 7 large contigs. For simplicity, only the four largest contigs from chromosome 1 and the largest single contig from each of the other replicons are
included. The gene or mobile element responsible for the contig termination is listed along with the number of times that element occurs in the total genome.
Contig name Size Replicon 5′ terminus # in genome 3′ terminus # in genome
Contig 17 674,226 chr 1 ISRme4 2 (both on chr1) Sodium sulfate symporter 2 (100% to chr1, 99% to chr2)
Contig 113 358,847 chr 1 ISRme7 2 (both on chr1) IS1087B 2 (both on chr1)
Contig 125 309,700 chr 1 Tn6049 12 (across all four replicons) IS1090 4 (all on chr1)
Contig 143 302,838 chr 1 IS1087B 2 (both on chr1) Tn6049 12 (across all replicons)
Contig 220 541,760 chr 2 Tn6048 3 (1 on chr1, 2 on chr2) ISRme3 10 (across all but pMOL28)
Contig 252 58,279 pMOL30 merE from Tn4380 2 (1 on each plasmid) Repeated sequence within copB gene 1
Contig 239 101,867 pMOL28 merE from Tn4380 2 (1 on each plasmid) IS1086 3 (across all but pMOL30)
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expected,many of the contigs terminated at a documented insertion se-
quence or transposon thatwas found at another location in the genome
(sometimes within the same genomic island). Tn6049 (with a length of
3461 bp) is a very promiscuous transposable element found in 12 loca-
tions in the genome including on 5 of the 11 genomic islands and termi-
nated assembly in each of the locations it was found. In addition, there
were other genes that were present on more than one of the genomic
islands and therefore interfered with proper assembly. CMGI-2 and
CMGI-3 share several homologous gene clusters (see Table 3) and
have similar conjugal transfer genes. Two of these genes (trbB and
trbF) share high sequence identity across their length (97 and 92%, re-
spectively) and were found to cause the termination of contigs con-
taining the conjugal transfer genes in both of these islands. CMGI-3
also has multiple copies of IS1071, and in some cases this element ap-
pears to have been responsible for the mobilization of fragments of ad-
jacent genes, which are then also repeated within the island, further
fragmenting the assembly.
CH34 is most noted for its ability to withstand heavy metals [15] and
many of the genes conferring these abilities are contained within three
genomic islands distributed on the two plasmids pMOL30 and pMOL28.
The two large islands account for almost the full length of pMOL30 and
approximately a third of the length of pMOL28. Each island also contains
‘nested’ islands with partial or complete mobile elements that separate
different functional modules [14]. An examination of the Geneious align-
ments for both pMOL28 and the region of chromosome 1 containing twoTable 3
Genomic islands found on chromosome 1 of CH34. Naming, sizes and content
[14]. Contig information is solely from the Velvet assembly for simplicity.
Name of element Size Content information
CMGI-1 109,598 bp Tn6049; closely related to pathogen
P. aeruginosa
CMGI-2 101,637 bp Tn4371 family integrase, hydrogeno
of aromatic compounds
CMGI-3 97,042 bp Tn4371 family integrase, carbon ﬁxa
CMGI-4 56,529 bp Tn4371 family integrase, Tn6048
CMGI-5 25,423 bp 63 bp direct repeats
CMGI-6 17,638 bp Tn6049
CMGI-7 15,362 bp Tn6049
CMGI-8 12,257 bp Tn6049, IS1087
CMGI-9 20,648 bp Integrase, no direct repeats
CMGI-10 20,947 bp 3 Insertion sequences
CMGI-11 10,824 bp Flanked by ISCme7
a These numbers are an approximation because the alignments were perform
where imperfect repeats occur.
b Numbers are only for contigs completely covered by genomic island; each isl
these numbers.genomic islands conferring suchnotable phenotypes ashydrogenotrophy
and metabolism of catabolic compounds revealed that these regions are
highly fragmented in comparison to surrounding regions in both the
Velvet and ABySS assemblies (Fig. 2).
2.4. Investigating the relative contribution ofmultiple replicons or presence
of documented mobility genes by comparison with other strains
In addition to our in depth analysis of CH34,we simulated datasets for
an additional 4 genomes that varied in overall genome size, G+C con-
tent, number of replicons and predicted mobile element content. The
metrics for all 5 genomes assembled using simulated unpaired long and
short read datasets are summarized in Table 4. The Velvet assembly
data included in Table 4 is based on alignment to the reference genome
at 98% nucleotide identity with no gaps (see Methods), and there were
no signiﬁcant errors in the contigs that would limit their ability to align
with these restrictions. As was expected, the large genomes consistently
produced a larger number of contigs after assembly, and the assembly
quality in terms of both N50 value and maximum contig size relative to
the largest chromosome decreased with increasing genome size. In
order to assess the causes of fragmentation for large genomes, we specif-
ically included strains with variations in both the number of replicons
and the number of genes annotated as related to horizontal gene transfer
by the JCVI Comprehensive Microbial Resource JCVI-CMR (http://cmr.
jcvi.org/tigr-scripts/CMR/CmrHomePage.cgi). Based on overall genome
size, number of replicons and k-mer repetitiveness, it was expected thatinformation are derived from previous characterization (Van Houdt et al.)
Contigs aligned
within regiona,b
Size range of aligned
contigsb
icity island in 3 1–5 kb: 2
>10 kb: 1
trophy, metabolism 12 b1 kb: 6
1–5 kb: 2
5–10 kb: 1
>10 kb: 3
tion, hydrogenotrophy 16 b1 kb: 7
1–5 kb: 6
5–10 kb: 1
>10 kb: 2
1 >10 kb: 1
3 1–5 kb: 3
3 1–5 kb: 3
1 1–5 kb: 1
3 1–5 kb: 3
0 Contained within
large contig
5 1–5 kb: 4
5–10 kb: 1
3 b1 kb: 2
5–10 kb: 1
ed at 98% and therefore some of the small contigs align to multiple places
and generally aligns to the ends of two larger contigs that are not included in
Table 4
Velvet assembly metrics of the 5 genomes compared. Unique k-mer percentage was calculated as described in the Methods. Mobile gene numbers were obtained from the JCVI-CMR
(http://cmr.jcvi.org/tigr-scripts/CMR/CmrHomePage.cgi). Coverage calculation is deﬁned as total number of reference bases covered by unique contigs at 98% nucleotide identity
without gaps or repeating of individual contigs. SIGI and DIMOB are the individual programs that IslandViewer [16] utilizes to predict genomic islands.
Caulobacter sp. K31 Cupriavidus metallidurans CH34 Bordetella bronchiseptica RB50 Gramella forsetii KT0803 Rhodobacter sphaeroides 2.4.1
Genome size (Mb) 5.89 6.91 5.34 3.8 4.6
No. replicons 3 4 1 1 7
GC content 66.3 62 68.1 36.6 68.8
% Unique k-mers 98.55 98.2 99.5 99.09 99.18
Contigs 151 139 104 90 99
N50 (bp) 155,182 159,531 261,616 564,738 740,045
Longest contig (bp) 495,932 674,226 550,697 899,275 1,010,805
N50 vs. longest replicon (%) 2.83 2.91 4.78 10.31 13.51
Mobile genes 162 164 19 49 103
Mobile genes % of genome 2.96 2.65 0.37 1.36 2.46
Islands by SIGI-HMM only 13 3 9 2 6
Islands by DIMOB only 3 12 1 7 1
Predicted by both 9 5 5 1 2
Total # of islands 25 20 15 10 9
Coverage percentage 98.8 98.6 98.9 99 99.7
171N. Ricker et al. / Genomics 100 (2012) 167–175CH34 would have the poorest (most fragmented) assembly. However
Caulobacter sp. K31 fared theworst by each of the commonmetrics listed
in Table 4. Interestingly, the best N50 and maximum contig sizes were
obtained for R. sphaeroides 2.4.1 despite the fact that this genome is com-
posed of 7 different replicons (Fig. 3). Furthermore, although CH34 was
the second poorest assembly in terms of number of contigs and N50
value, B. bronchiseptica RB50 had a smaller maximum contig size. This
was unexpected despite its large overall genome size, based on the na-
ture of the genome. This genome had speciﬁcally been chosen because
only 0.37% of its gene content has been attributed to mobile functions
(plasmids, phages and transposons) by the JCVI-CMR (http://cmr.jcvi.
org/cgi-bin/CMR) and contained only one replicon. It also had the low-
est percentage of repetitive k-mers by our calculations (see Methods)
and should theoretically assemble more easily.
To compare these results to the ﬁndings described for the well-
annotated genome CH34 in the absence of characterized genomic
islands, these strains were evaluated according to genomic islands
predicted by programs contained within IslandViewer [16]. Although
the precise number or size of the individual islands has not been veri-
ﬁed (and the number is overestimated in CH34), the total number of
predicted genomic islands signiﬁcantly correlates to themaximum con-
tig size, N50 value and N50 as a percentage of the longest replicon
(Fig. 4). As had been seen in CH34, the most fragmented portion of
the B. bronchiseptica genome corresponded to a 22 kb segment of re-
peated gene content shared between two predicted genomic islands
(99% nucleotide identity), and likewise the Caulobacter sp. K31 assem-
bly also had a large (10.5 kb) segment that was perfectly repeated be-
tween two predicted genomic islands.2.5. Fragmentation evident in real data
The beneﬁt of using simulated ideal data for this type of analysis is
that patterns can be detected that may otherwise be masked due to
the variations in sequencing coverage, introduction of sequencing spe-
ciﬁc errors and high number of contigs produced by real sequencing
projects. In order to take our ﬁndings and compare them to real se-
quencing scenarios, we examined the assembly data from R. sphaeroides
2.4.1. This strain was utilized in the Genome Assembly Gold-Standard
Evaluations (GAGE) study that compared the assembly efﬁciency of 7
different open access software programs [23]. The assembled contigs
from that study are freely available. We downloaded the contigs from
the GAGE Velvet assembly of R. sphaeroides 2.4.1 and aligned them to
the ﬁnished genome in the same way that we compared CH34 contigs
generated from simulated sequence to its ﬁnal genome. When the
R. sphaeroides 2.4.1 contigs from the GAGE assembly were mapped toits ﬁnished chromosome 1 in Geneious, only 454 fragments (of a total
of 1192 contigs and scaffolds) could be aligned at 98% identity—resulting
in only 65% coverage of the chromosome. This indicated that the assem-
bled contigs contained internal errors, so we allowed for up to 500 bp
gaps in the Geneious alignment. This improved the assembly of chromo-
some 1 from 65% to 96.3%. Regardless of whether gaps were allowed or
not, the distribution of the small contigs was greatly increased in regions
predicted to be genomic islands (Fig. 5). For the alignment without
gaps, only one of the predicted genomic islands was assembled,
whereas 4 out of 9 of the islands were assembled when gaps were
allowed. The two islands predicted by both programs in IslandViewer
had a large number of fragments for their relative size (13 fragments
for 12.5 kb and 12 fragments for 7.5 kb).3. Discussion
The Genomes OnLine Database (v. 3.0; http://genomesonline.org
accessed 19th March 2012) lists 3532 completed genomes of which
1045 are listed as permanent draft assemblies. The status of perma-
nent draft implies that ﬁnishing experiments to verify or extend the
existing contigs are not expected to be performed, and the draft sta-
tus is likely to be related to repeated elements that cannot be resolved
by computerized means. Contrary to the early view that many of
these smaller repeated elements represent ‘junk DNA’ [11], micro-
satellites in the form of tandem repeats and transposable elements
such as insertion sequences have both been found to regulate tran-
scription of adjacent genes [24,25]. These repetitive elements also
function as important components of genome plasticity by mediating
DNA re-arrangements including chromosomal deletions, duplications
and inversions [12,26]. Larger transposable elements such as transpo-
sons and integrative conjugative elements (ICEs) can also be found in
multiple copies within a genome, particularly if there are multiple
large replicons as is commonly found in certain bacterial families such
as the Burkholderiaceae [15,27,28]. Reaching the stage of a draft genome
is sufﬁcient if the goal is to discover interesting and novel genes or op-
erons that do not contain repeated elements, with the consequence that
many genome projects are being published at the draft assembly stage
and then terminated [9]. These draft assemblies can have a number of
errors including collapsed repeats, rearrangements and inversions
[8,23,29] as well as having an unknown fraction of the genome unac-
counted for. In this study, we used simulated NGS data to conﬁrm that
currently available software programs are capable of accurately recog-
nizing repeated segments in the DNA and that these repeats would be
the primary cause of contig termination in the assembly. Having
established the causes of termination, we wanted to better understand
Fig. 4. Relationship between three measures of assembly quality (maximum contig
length, N50 and N50 as percent of longest replicon) and number of genomics islands as
predicted by IslandViewer. The Pearson correlations between N50 or N50 as percent of
longest replicon and number of predicted islands are statistically signiﬁcant (pb0.05)
but are also clearly curvilinear.
Fig. 3. Relationship between N50 (as percentage of the largest replicon in the genome)
and three parameters thought to inﬂuence assembly quality. Top: genome size,
r=−0.81 (ns); middle: percent unique k-mers, r=0.54 (ns); and bottom: number
of replicons, r=0.42 (ns).
172 N. Ricker et al. / Genomics 100 (2012) 167–175the nature of the fragmented regions of draft assemblies since the rela-
tive importance of these unassembled regions has to our knowledge
never been addressed.
An examination of the genes adjacent to the termination points for
the longest contigs (Table 2) clearly conﬁrmed that the assemblies
were terminated due to the presence of repeated elements. These repeat-
ed elements were inclusive of known mobile elements and genes con-
taining internal repeat structures (as expected) but also of genes that
were repeated in more than one genomic location (commonly on two
separate replicons within this genome). This type of repetition (within
or between replicons) is important in the evolution of novel traits since
one copy of the gene can be free to evolve without risking functional im-
pairment to the host cell due to the other preserved copy (the duplicate
gene hypothesis [30]). Some transposable elements have been found to
speciﬁcally target transmissible plasmids and the subsequent plasmid–
chromosome exchanges facilitate assembly of genes into modules [31],with the result that individual genomes will commonly have identical
transposable elements and accessory genes distributed on both the
main chromosome and some or all of the associated plasmids (as was
seen here). Likewise, the ﬁndings from both B. bronchiseptica RB50 and
Caulobacter sp. K31 illustrated that predicted genomic islands within
the same chromosome can carry repetitive gene contentwhich can inter-
fere with assembly in the absence of repeats across different replicons.
Neither of these two large repeated segments contained any insertion se-
quences or transposons, but were composed almost exclusively of hypo-
thetical proteins. The hypothetical nature of these genes prevents an
estimation of the causes of gene duplication in these strains, although
one copy of the 22 kb portion of B. bronchiseptica RB50 is containedwith-
in an intact phage documented by the BacMap Genome Atlas website
[32]. The second copy in this strain and both repeated segments in
Caulobacter sp. K31 were not part of any documented phage (intact or
otherwise) but their presence in two separate predicted islands within
the chromosome could facilitate genomic island evolution.
Itwas expected that the number of genomic islandswould have cor-
related with the percentage of genes annotated as involved in mobility,
but this was not found to be the case. R. sphaeroides 2.4.1 had 2.46% of
the genes attributed to mobility functions, yet had a smaller number
of islands than other strains with this percentage of mobile gene con-
tent and a more successful assembly in terms of N50 and maximum
contig size. Given the high number of plasmids found in this strain it
is reasonable that this high percentage of mobility functions relates di-
rectly to plasmid genes. These would not be expected to interfere with
assembly since incompatibility prevents plasmids with highly similar
transfer genes from co-existing within cells. It was interesting to note
that although both of the mobility related metrics (% mobile genes
and predicted genomic islands) correctly predicted Caulobacter sp.
K31 to be themost difﬁcult to assemble, the number of genomic islands
was a better indicator of assembly complexity for B. bronchiseptica RB50
than mobile gene content. In addition, the most logical genome charac-
teristic to interfere with assembly would be repetitiveness (measured
as % unique k-mers) but this also was not an invariant predictor of the
ease of assembly.
The validity of this work rests on the assumption that the simulated
reads generated from the genomic data could be accurately assembled.
There were no errors evident in any of the alignments performed from
the Velvet unpaired simulated data when using a k‐mer length of 57, al-
though there had been a number of single base pair errors introduced
when using the standard settings and therewere substantial SNPs intro-
duced in the ABySS contigs (data not shown). This illustrates the high
level of accuracy that Velvet can achieve with non-repetitive elements,
as well as the high quality repeat recognition of this particular software
program. In examining the distribution of the long reads from theVelvet
assembly against chromosome 1 of CH34, the unassembled fragments
Fig. 5. Geneious alignment of real contigs obtained from the GAGE assembly data [23]. Top alignment is at 98% identity with no gaps allowed, bottom alignment is 98% identity with
up to 500 bp gaps allowed. The region shown includes 3 putative genomic islands that are all clearly visible by the increased occurrence of small contigs in these regions. These
islands occur at 216–228 kb, 550–557 kb and 632–648 kb and are roughly indicated with curved brackets. Since these are only predicted islands, the precise borders may not
be accurate and individual islands could be components of a larger combined island.
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with the prevalence of repeated elements in the genomic islands. It is
important to recognize that in an actual sequencing project the recon-
struction of the genome would be further complicated by the presence
of sequencing errors and variations in the level of coverage due to de-
creased ampliﬁcation robustness, the latter of which may be more
prominent in repetitive stretches due to the secondary structure formed
by palindromic repeats [33]. In comparing our simulated assemblies to
the data available from the GAGE Velvet assembly of R. sphaeroides
2.4.1, it was clear that our correlation between the distribution of
small contigs and the location of genomic islands was still valid when
using real data.
Draft genome assemblies may lead us to unintentionally disregard
the most important parts of prokaryotic genomes. Although eukaryotic
genomes are more repeat rich than prokaryotic genomes, the reasons
for this repetitiveness are vastly different between the kingdoms. In pro-
karyotic organisms, horizontal gene transfer is a prominentmeans of ac-
quiring novel genes and rearrangements facilitated by mobile elements
increase diversity. Insertion sequences can spread to high prevalence
within a genome, and their activity may be speciﬁcally increased in re-
sponse to changing environmental conditions. Since their behavior is
strongly linked to adaptation, these elements are of great interest [34].
Larger mobile elements are primarily assimilations of smaller elements
[35] or serve as recombination sites for incoming genetic information
[36,37], with the result that genomic islands and large transposable ele-
ments are inherently resistant to computerized assembly. These regions
are full of complete or partial mobile genetic elements and are therefore
problematic for genome assembly, but ironically they are themost likely
to carry the genes responsible for any novel traits under investigation,
particularly if they were acquired horizontally. Assembly software
alone is capable of reconstructing genes, and complete operons, pro-
viding they are not interrupted by repetitive sequences or present in
more than one copy within the genome (i.e. on separate replicons).
In one study it was determined that the majority of genes can be
reconstructed from even very short reads (25 bp) however genes
containing repeats (primarily intergenic repeats or mobile elements
such as transposons, IS elements and prophages) account for the vast
majority of the unassembled genome [18]. In our study, 40 of the 75
contigs corresponding to chromosome 1 of CH34 were fully con-
tained within genomic islands (Table 3) and an additional 16 contigs
were found to overlap with the edge of a genomic island. Many of the
functional genes contained within these genomic islands were assem-
bled indicating that examining the mid-range contigs (5–50 kb) of a
draft assembly may be more informative in terms of recently acquired
content. The genomic context of these newly acquired genes is lost
when the data is left as a draft assembly, and the utility of the publicdatabases is decreased by the introduction of incomplete or incorrect
data. As an example, the largest genomic island in CH34 (CMGI-1) is al-
most identical to a pathogenicity island (PAGI-2C) found in Pseudomo-
nas aeruginosa clone C, indicating recent transfer between industrially
contaminated sites and nosocomial pathogens [14]. Based on our
Velvet assembly simulation, a draft assembly of CH34 would have
left this island in pieces and evidence of this important transfer
event would remain hidden. In our own laboratory, we have discov-
ered a Recombinase in Trio (RIT) element adjacent to the chlorobenzoate
degrading genes of Burkholderia sp. R172 (accession number AY168634.
1) that is homologous to one of the RIT elements found in CMGI-2 of
CH34 [14]. This association was determined through Sanger sequencing,
andwasnot apparent from the reads fromonly next-generation sequenc-
ing data provided by both Solexa (Illumina) and Roche 454 sequencing
[33]. Other sequenced strains available in the GenBank database reveal
that this is not an isolated event. For example, there are two other homol-
ogous RIT elements found in the draft assembly of the PAH degrading
strain Burkholderia sp. Ch1-1. Prior to additional work that has recently
improved the quality of this assembly, the contigs containing each of
the RIT elements in this strain terminated at the edges of these elements,
revealing absolutely no genomic context.
The role of genomic islands in bacterial adaptation is becoming in-
creasingly clear, yet many of the genes contained within these islands
have not been characterized [37]. Indeed, a deﬁning feature of genomic
islands is a high abundance of conserved hypothetical proteins [14]. Un-
derstanding the possible roles of the multitude of currently hypotheti-
cal genes will require intensive experiments, and the development of
these experimentsmay be hampered by the incomplete information in-
cluded in draft assemblies [8]. With decreasing sequencing costs, initial
draft genomes are going to increase in prevalence, inundating the public
databases with incomplete or fragmented genome projects which de-
crease the overall utility of these databases for other analyses particu-
larly those relating to horizontal gene transfer. This issue has been
addressed in a number of publications, and there are validation tools
available that can aid in distinguishing mis-assemblies [8]. We submit
that many of the genes responsible for prokaryotic adaptation will be
present in these highly recombinational or potentially mobile regions
that are inherently resistant to automated assembly, and that therefore
the necessity of extensive ﬁnishing experiments to not only close the
created contigs but also to correct the introduced errors should be an
important focus of any sequencing project. Furthermore, the very ele-
ments disrupting the automated assembly have a wealth of information
to provide regarding the evolution and transferability of these genes,
and also may have a role in the regulation of these important genomic
regions. As technological improvements become available to ease the
assembly of bacterial genomes, recognizing thehigh relative importance
174 N. Ricker et al. / Genomics 100 (2012) 167–175of these regions will be key to creating the incentive needed to pursue
novel ways of ﬁnishing genomes—and improve our knowledge of bacte-
rial adaptation.
4. Methods
All genomes were obtained from the NCBI website (www.ncbi.nlm.
nih.gov) with the following Genbank accession numbers: C. metallidurans
CH34 (CP000352–CP000355), Caulobacter sp. K31 (CP000927.1–
CP000929.1), G. forsetii KT0803 (CU207366.1), B. bronchiseptica RB50
(BX470250.1) and R. sphaeroides 2.4.1 (CP000143.1–CP000147.1,
DQ232586.1, DQ232587.1). Theseﬁleswereused to create error-free sim-
ulated long read (400 bp length at 10× coverage) and short read (75 bp
length at 45× coverage) data for assembly in Velvet using a custom-made
python program (available on request). These datasets were assembled
using Velvet version 1.1.05 [38] using the max_kmer and big_assembly
settings as these settings gave the best assembly statistics (N50 and
max contig). The ﬁnal graph of the Velvet assembly for C. metallidurans
CH34 used 4,260,497 of the 4,265,686 (99.9%) simulated reads and
resulted in a total of 139 contigs. The maximum contig length was
674,170 bp and the N50 value for the assembly (size of contig for which
50% of assembled reads are in a contig of that size or larger) was
159,531 bp. The median coverage was calculated as 11.8. The N50 and
longest contig stats for the other genomes are listed in Table 1. Paired
ends librarieswith 100 bp readswere also created for twodifferent insert
distances (180 and 3000). The paired ends dataset for C. metallidurans
CH34 was assembled in ABySS version 1.1.3 [20] with a ﬁnal N50 value
of 36,682 and maximum contig size of 166,493 bp.
Assembled contigs were aligned to reference sequences using
Geneious Pro version 5.5.2 [22]. Despite the error-free nature of the
simulated data, alignments were performed at 98% identity since im-
perfect repeats (repeats with a small number of single base pair dif-
ferences) could be seen as sequencing errors by the assembler and
would be incorrectly collapsed thereby introducing errors into the
ﬁnal contigs. Coverage statistics included were those determined by
the Geneious program and therefore represent coverage of reference
by unique contigs only, with no allowance for contig repetition, in-
stead of true coverage of the reference genome if all repeats could
be accounted for. Examination of genes adjacent to the ends of con-
tigs was performed using the NCBI Blast tool [39], and the Genbank
entries for each replicon (www.ncbi.nlm.nih.gov). Repeat content of
the genomes was estimated by calculating the uniqueness of each ge-
nome at k-mer lengths of 31 and 1000 and then taking the average of
these two calculations. Assembly ﬁles from the GAGE study [23] were
downloaded and aligned by the same metrics, or by the addition of a
maximum 500 bp gap parameter as necessary.
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